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Here we investigate antiferromagnetic Eu5In2Sb6, a nonsymmorphic Zintl phase. Our electrical
transport data show that Eu5In2Sb6 is remarkably insulating and exhibits an exceptionally large
negative magnetoresistance, which is consistent with the presence of magnetic polarons. From ab ini-
tio calculations, the paramagnetic state of Eu5In2Sb6 is a topologically nontrivial semimetal within
the generalized gradient approximation (GGA), whereas an insulating state with trivial topological
indices is obtained using a modified Becke-Johnson potential. Notably, GGA+U calculations sug-
gest that the antiferromagnetic phase of Eu5In2Sb6 may host an axion insulating state. Our results
provide important feedback for theories of topological classification and highlight the potential of
realizing clean magnetic narrow-gap semiconductors in Zintl materials.
I. INTRODUCTION
Narrow-gap semiconductors exhibit a breadth of strik-
ing functionalities ranging from thermoelectricity to dark
matter detection1,2. More recently, the concept of topo-
logical insulating phases in bulk materials has renewed
the interest in this class of materials3–5. Independent of
the target application, a primary goal from the experi-
mental point of view is the synthesis of genuine insulators
free of self doping. Materials design is usually guided by
simple electron count (e.g. tetradymite Bi2Te3
6), corre-
lated gaps (e.g. Kondo insulators SmB6
7 and YbB12
8)
or the Zintl concept (e.g. Sr2Pb
9 and BaCaPb10). Zintl
phases are valence precise intermetallic phases formed
by cations (alkaline, alkaline-earth and rare-earth ele-
ments) and covalently bonded (poly)anionic structures
containing post-transition metals. The electron trans-
fer between these two entities gives rise to an insulating
state, whereas the inclusion of rare-earth elements allows
for magnetism, which breaks time-reversal symmetry and
may promote new quantum ground states11–13.
The myriad of crystal structures within the Zintl con-
cept provides a promising avenue to search for clean semi-
conductors. Here we experimentally investigate Zintl
Eu5In2Sb6 in single crystalline form. Low-carrier den-
sity magnetic materials containing Europium are prone
to exhibiting colossal magnetoresistance (CMR)14–18.
The strong exchange coupling between the spin of the
carriers and the spins of the Eu2+ background causes
free carriers at low densities to self-trap in ferromag-
netic clusters around the Eu sites, which gives rise
to a quasiparticle called magnetic polaron19. This
quasiparticle has been identified in several Zintl ma-
terials ranging from simple cubic EuB6
17,20 to mono-
clinic Eu11Zn4Sn2As12
18. Most CMR compounds have
a ferromagnetic ground state, including doped mag-
nanites RE1−xAxMnO3 (RE = rare-earth, A = divalent
cation) in which CMR was first observed21,22. EuTe and
Eu14MnBi11, however, revealed the possibility of realiz-
ing CMR in antiferromagnets14,16,23, which also brings
promise for applications due to their small stray fields24.
Additionally, nonsymmorphic symmetries are expected
to be particularly powerful in creating protected band
crossings and surface states, which provide an additional
organizing principle within the Zintl concept25,26. For in-
stance, Wieder et al predicted that Zintl Ba5In2Sb6, the
non-f analog of Eu5In2Sb6, hosts fourfold Dirac fermions
at M¯ connected to an hourglass fermion along Γ¯X¯27. Re-
cent attempts to theoretically catalogue all known uncor-
related materials indicate that Ba5In2Sb6 may be classi-
fied as a topological insulator28,29 or trivial insulator30,31.
This discrepancy begs for an experimental investigation.
Eu5In2Sb6, just like its Ba analog, crystallizes in space
group Pbam. As expected from the 4f localized mo-
ments in multiple sites, Eu5In2Sb6 orders antiferromag-
netically at TN1=14 K in a complex magnetic structure.
Remarkably, colossal magnetoresistance sets in at 15TN1
and is accompanied by an anomalous Hall component.
Our data collectively point to the presence of magnetic
polarons. To shed light on the topology of the band struc-
ture of Eu5In2Sb6, we have performed first-principles cal-
culations using different functionals and magnetic phases.
Though an insulating state with trivial topological in-
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dices is obtained using modified Becke-Johnson (mBJ)
functional in the paramagnetic state, topological non-
trivial states with strong indices emerge in the gen-
eralized gradient approximation (GGA)+U calculations
within putative antiferromagnetic states.
II. RESULTS
Magnetic susceptibility measurements
We first discuss the thermodynamic properties of
Eu5In2Sb6 single crystals. Figure 1a highlights the com-
plex anisotropy in the low-temperature magnetic sus-
ceptibility of Eu5In2Sb6. Two magnetic transitions can
be identified at TN1=14 K and TN2=7 K, in agree-
ment with previous measurements on polycrystalline
samples32. One can also infer that the c-axis is the mag-
netization hard-axis and that the moments lie in the ab-
plane. No hysteresis is observed between zero-field-cooled
and field-cooled measurements at 0.1 T, which rules out
hard ferromagnetic order or spin-glass behavior; however,
a small in-plane ferromagnetic component (0.06 µB) is
observed at very low fields (B ≤ 0.1 T), indicative of a
complex magnetic structure with canted moments (see
Supplementary Figure 1).
The inset of Fig. 1a shows the product of magnetic
susceptibility and temperature as a function of tempera-
ture. At high temperatures (T > 225 K), a Curie-Weiss
(CW) fit yields a ferromagnetic (FM) Weiss temperature
of θ=30 K despite the antiferromagnetic (AFM) order at
low temperatures, which further corroborates the pres-
ence of a complex magnetic configuration with multiple
exchange interactions. The inverse of the magnetic sus-
ceptibility is shown in Supplementary Figure 3. The CW
fit also yields an effective moment of 8 µBEu
−1, in good
agreement with the Hund’s rule moment of 7.94 µBEu
−1
for Eu2+. In fact, our x-ray absorption spectra at the
Eu L edges33 confirm that all three Eu sites are divalent
(see Supplementary Figure 5). Previous x-ray absorption
studies observed a finite Eu3+ component, which could
be due to an impurity phase present in polycrystalline
samples32. The fully divalent character of europium in
Eu5In2Sb6 has been recently confirmed by Mossbauer
measurements34.
Notably, our magnetic susceptibility data deviate from
the CW fit at temperatures well above the ordering tem-
perature (inset of Fig. 1a). In purely divalent com-
pounds such as Eu5In2Sb6, Eu
2+ is a localized S-only
ion (J = S = 7/2), which implies crystal-field and Kondo
effects to be negligible to first order. As a result, the devi-
ation from a CW fit indicates the presence of short-range
magnetic interactions as observed previously in the man-
ganites RE1−xAxMnO3 (RE = rare-earth, A = divalent
cation). Based on small-angle neutron scattering mea-
surements, this deviation was argued to be due to the
formation of magnetic polarons35. As temperature de-
creases, magnetic polarons are expected to grow in size
and eventually overlap when nξ3 ≈ 1, where n is the car-
rier density and ξ is the magnetic correlation length36.
The inset of Fig. 1a shows a sharp decrease in χ(T )T at
T ∗ ∼ 40 K, which reflects the onset of strong antiferro-
magnetic correlations between polarons.
Figure 1b shows the low-temperature anisotropic mag-
netization of Eu5In2Sb6. The hard c-axis magnetization
increases linearly with field, whereas a field-induced tran-
sition is observed within the basal plane before satura-
tion is reached at about 10 T (inset of Fig. 1b). Figure 1c
shows the temperature dependence of the specific heat,
C, at zero field. In agreement with magnetic susceptibil-
ity data, C/T exhibits two phase transitions at TN1 and
TN2 as well as a magnon contribution below TN2, typi-
cal of Eu2+ compounds. The entropy recovered at TN1
is about 90% of Rln8 (not shown), the expected entropy
from the Eu2+ (J = 7/2) ground state. The extrapo-
lation of the zero-field C/T to T = 0 gives a Sommer-
feld coefficient of zero within the experimental error, in-
dicating that Eu5In2Sb6 is an insulator with very small
amounts of impurities. A Schottky-like anomaly at about
35 K indicates the presence of short-range correlations, in
agreement with magnetic susceptibility data at T ∗ . The
inset of Fig. 1c displays the field dependence of the low-
temperature transitions when field is applied along the
b-axis. The transitions are mostly suppressed by 9 T, in
agreement with the saturation in magnetization.
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FIG. 1. Thermodynamic properties of Eu5In2Sb6 crys-
tals. a) Magnetic susceptibility, χ(T ), in both zero-field-
cooled (ZFC) and field-cooled (FC) sweeps. Inset shows χT .
Black solid line shows the high-temperature CW fit. b) Mag-
netization vs applied field at 2 K. Inset shows high-field mag-
netization data at 4 K. c) Zero-field specific heat as a function
of temperature. Inset shows C/T at different applied fields.
Electrical transport measurements
We now turn our attention to electrical transport data.
Figure 2a shows the temperature dependent electrical re-
sistivity, ρ(T ), of Eu5In2Sb6 measured with current along
the c-axis. Remarkably, ρ(T ) rises by almost six orders
of magnitude in the paramagnetic state, in agreement
with the clean insulating response observed in C/T but
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FIG. 2. Electrical resistivity measurements on Eu5In2Sb6 single crystals. a) Temperature dependent electrical
resistivity, ρ(T ), at zero field. Electrical current was applied along the c-axis. Inset shows an activated log ρ vs 1/T plot. b)
ρ(T ) in a log plot. Inset shows a zoom in the low-temperature region. c) ρ(T ) at various magnetic fields applied long the b-axis.
Inset shows MR vs reduced magnetization (M/Ms) squared. d) MR vs applied field at various temperatures.
in stark contrast to ρ(T ) measurements in polycrystals37.
Below TN1, ρ(T ) decreases by three orders of magnitude,
pointing to the overlap of magnetic polarons within the
antiferromagnetic state. Finally, at lower temperatures
ρ(T ) rises again, and a small kink is observed at TN2.
The high-temperature electrical resistivity can be fit
to an activated behavior given by ρ0T˜
nexp(Ea/kBT ) (in-
set of Fig. 2a), where T˜ is the reduced temperature. For
n = 0, the Arrhenius plot yields a narrow gap of 40 meV
whereas a slightly larger energy is extracted when n = 1
for adiabatic small-polaron hopping conduction38. From
these data alone, it is not possible to differentiate be-
tween the two mechanisms. Nevertheless, the activated
behavior breaks down at about T ∗∼40 K, indicating that
another mechanism is present. This energy scale is more
pronounced in a log plot shown in Fig. 2b.
The evolution of the colossal magnetoresistance in
Eu5In2Sb6 is summarized in Figure 2d. Though the neg-
ative magnetoresistance is small at room temperature, it
rapidly increases below about 15TN1. At liquid nitrogen
temperatures (T ∼ 75 K), for instance, the MR reaches
−50% at only 3 T and −94% at 9 T. Ultimately, the
MR peaks at −99.999% at 9 T and 15 K. This is, to our
knowledge, the largest CMR observed in a stoichiometric
antiferromagnetic compound.
Hall measurements provide valuable information on
the type of carriers and the scattering mechanisms in a
material. Figure 3 shows the Hall resistivity, RH ≡ ρxz,
for fields applied along the b-axis of Eu5In2Sb6. At room
temperature, RH is linear, as expected from a nonmag-
netic single-band material (inset of Fig. 3a). The positive
slope, R0, implies positive (hole) carriers and a carrier
density of nh = 1/R0e = 10
17/cm3, typical of narrow-
gap semiconductors.
As the temperature is lowered, however, a nonlinear
RH component sets in at about 15TN1, the same temper-
ature at which CMR emerges. As the band structure of
this band insulator is not expected to change dramati-
cally in this temperature range, our result may indicate
that the formation of magnetic polarons is responsible
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FIG. 3. Hall effect of Eu5In2Sb6 single crystals. Hall
resistivity vs applied field at various temperatures. Current is
applied along the c-axis and fields are along the b-axis. Inset
shows the linear Hall response at 300 K.
for the anomalous Hall effect (AHE). We note, however,
that the presence of multiple carriers cannot be ruled
out at this time. Though the ferromagnetic nature of
the magnetic polaron cluster is a natural explanation for
the anomalous contribution, a quantitative analysis of
the various intrinsic and extrinsic contributions to the
AHE will require determining the anisotropic conductiv-
ity tensor using micro-fabricated devices, including the
region below 50 K.
Electron spin resonance measurements
We complete our experimental investigation with mi-
croscopic electron spin resonance (ESR) measurements.
ESR is a site-specific spectroscopic technique, and Eu2+
ions are particularly suitable paramagnetic probes be-
cause of their S-only state41,42. The Eu2+ ESR spectra
of Eu5In2Sb6 in the paramagnetic state, shown in Fig. 4,
consists of a single unresolved resonance (i.e., no fine or
hyperfine structure). The ESR linewidth, ∆H, provides
information on the interactions of the spins with their
environment and their motion. In the case of semimetal-
lic EuB6, the Eu
2+ ∆H was claimed to be dominated
3
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FIG. 4. Electron spin resonance of Eu5In2Sb6 single
crystals. ESR spectra at 170 K for X (f = 9.5 GHz) and Q
(f = 34 GHz) bands.
by spin-flip scattering due to the exchange between 4f
and conduction electrons41. As a result, ∆H narrows at
higher fields due to a reduction in the spin-flip scatter-
ing, consistent with the presence of magnetic polarons.
The linewidth of Eu5In2Sb6 also narrows at higher fields
(Q-band) when compared to low fields (X-band), though
not as strongly as in EuB6
41. This narrowing further in-
dicates that the resonance is homogeneous in the param-
agnetic state. In the case of a small-gap insulator as
Eu5In2Sb6, the Eu
2+ ESR linewidth is dominated by
spin-spin interactions41,43,44. The resulting relaxation
mechanism is set by T2, the spin-spin relaxation time,
which in turn is affected by the distribution of Eu-Eu ex-
change interactions and internal fields. An applied mag-
netic field causes an increase in T2 as the size of the fer-
romagnetic polaron grows, which results in the observed
ESR line narrowing. At the same time, the g-value de-
creases as a function of magnetic field, which indicates
an antiferromagnetic inter-polaron coupling. Therefore,
our ESR results are also consistent with the presence
of magnetic polarons in Eu5In2Sb6. More detailed ESR
measurements will be the focus of a separate study.
Band structure calculations
To shed light on the possible topological nature of
the band structure of Eu5In2Sb6, we start by perform-
ing band structure calculations in the paramagnetic state
by taken the 4f orbitals of Eu as core states, as shown
in Fig. 5. Both barium and europium are divalent in
the 526 structure, and our experimental results imply
that europium has a well-localized f -electron contribu-
tion. One would therefore naively expect that the band
structure and topology of Eu5In2Sb6 are similar to that of
Ba5In2Sb6, whose topology is not indicated by any sym-
metry indicators but can be characterized by nontrivial
connecting pattern in the Wilson bands27.
Remarkably, GGA+SOC calculations in the paramag-
netic state of Eu5In2Sb6 indicate a semimetal state with
one extra band inversion compared to Ba5In2Sb6 at the
Γ point. Because there are no symmetry-protected band
crossings between the valence and conduction bands at
any k-point, a k-dependent chemical potential can be
defined, which yields a fully gapped state. By calcu-
lating the topological indices of the bands below the
k-dependent chemical potential, we find that the extra
band inversion at Γ point yields a strong topological in-
sulator with (z2; z2w,1z2w2z2w,3) = (1; 000), where z2 is
strong index and z2w,i is weak index
45 , as shown in
Fig. 5a. Compared with our experimental results, how-
ever, the ab initio calculation with the GGA functional
incorrectly predicts Eu5In2Sb6 to be semimetallic. Con-
sidering the possible underestimation of the band gap in
semiconductors by the GGA functional, we have also per-
formed band structure calculations using the mBJ poten-
tial with a coefficient cMBJ = 1.18, which was obtained
self-consistently. As shown in Figure 5b, the band in-
version near the Γ point disappears, and a small gap
opens along the Γ − Y path. The topological indices
(z2; z2w,1z2w2z2w,3) are computed to be (0;000). In fact,
surface states are not detected by our electrical transport
measurements. Scanning tunneling microscopy and angle
resolved photoemission measurements will be valuable to
confirm the absence of in-gap states.
We now investigate the topology of Eu5In2Sb6 in the
magnetically ordered state. Because the magnetic struc-
ture of Eu5In2Sb6 has not been solved yet, we investigate
theoretically, using the GGA+U+SOC approach, three
A-type AFM phases with the easy axis along different
directions. All of the antiferromagnetic phases are the-
oretically characterized by the so-called Type-IV mag-
netic space groups (MSGs) with inversion symmetry. The
magnetic topological quantum chemistry theory there-
fore describes the topology of these MSGs by an index
group (Z4 × Z32 ), as proposed recently46. From the cal-
culations detailed in the Supplementary Figure 5, the
magnetic moment is about 7 µB/Eu, and the energy dif-
ference between the different phases is within 3 meV per
unit cell. From the results tabulated in Supplementary
Table 1, all three AFM phases are axion insulators with
strong indices (z4, z21 , z22 , z23) = (2, 0, 0, 0). By compar-
ing the band structures for three different AFM phases,
the polarized 4f states do not change the band inver-
sion characteristics of the paramagnetic state but induce
a small exchange splitting near the Fermi level. Though
the AFM structure at low temperatures has yet to be
determined experimentally, we proposed that this phase
is an axion insulator candidate that preserves inversion
symmetry.
III. DISCUSSION
The magnetic polaron picture is fully consistent with
our data. At high temperatures (∼ 15TN1 = 210 K),
the formation of isolated magnetic polarons is manifested
in magnetic susceptibility measurements via a deviation
from the Curie-Weiss law (inset of Fig. 1a) and in elec-
trical resistivity measurements via the onset of negative
magnetoresistance (Fig. 2c). As the temperature is fur-
ther lowered, these polarons increase in size until they
start to interact at T ∗ giving rise to a sharp decrease in
the χT plot, a Schottky anomaly in the specific heat data
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gap of about 10 meV opens along the Y-Γ direction.
(Fig. 1c), and an anomaly in electrical resistivity mea-
surements (Fig. 2b). At TN1, the polarons coalesce and
become delocalized, which gives way to a drastic increase
in conductivity. Though the delocalization temperature
virtually coincides with TN1 at zero field, delocalization
is expected to occur at higher temperatures as the size of
the polarons increase in field. Antiferromagnetic-driven
T ∗, however, is suppressed in field. This opposite field
dependence causes the delocalization temperature and
T ∗ to merge into one at about 3 T, which gives rise to
a resistivity maximum above TN1 that moves to higher
temperatures in field (see Supplementary Figure 7). Im-
portantly, the size increase of magnetic polarons in ap-
plied fields also promote large negative (termed colossal)
magnetoresistance in the paramagnetic state. In fact,
colossal magnetoresistance (CMR) sets in at about 200 K
and peaks just above TN1, as shown in Fig. 2c.
Another characteristic of CMR materials is the scaling
of the low-field MR with the square of the reduced mag-
netization, ∆ρ/ρ0 = C(M/Msat)
2, where Msat is the sat-
uration magnetization36,39. Just above TN1, this scaling
is valid and yields C = 50 (inset of Fig. 2c). When elec-
tron scattering is dominated by magnetic fluctuations,
the scaling constant C is proportional to n−2/3, n be-
ing the carrier density36. The scaling constant calcu-
lated this way (n ∼ 1012/cm3 at 15 K) is four orders
of magnitude higher than the experimentally-determined
constant, which is an indication of a distinct mechanism.
Another notable exception is EuB6, for which the field-
dependent resistivity was argued to be dominated by the
increase in polaron size with field rather than by the sup-
pression of critical scattering17,40. In fact, recent scan-
ning tunneling microscopy measurements have directly
imaged the formation of magnetic polarons in EuB6
20.
In summary, we investigate the thermodynamic
and electrical transport properties of single crystalline
Eu5In2Sb6, a nonsymmorphic Zintl antiferromagnetic in-
sulator. Colossal magnetoresistance sets in at tempera-
tures one order of magnitude higher than the magnetic
ordering temperature, TN1 = 14 K, and peaks just above
TN1 reaching −99.7% at 3 T and −99.999% at 9 T. This
is, to our knowledge, the largest CMR observed in a sto-
ichiometric antiferromagnetic compound. Our combined
electrical transport and microscopic electron spin reso-
nance measurements point to the presence of magnetic
polarons that generate an anomalous Hall component.
Our first-principles band structure calculations yield an
insulating state with trivial topological indices in the
paramagnetic state, whereas an axion insulating state
emerges within putative antiferromagnetic states. Our
results highlight that Zintl phases could provide truly in-
sulating states in the search for topological insulators,
and rare-earth elements provide a route for the discov-
ery of topological interacting phenomena. In fact, Zintl
EuX2As2 (X = In, Sn) have been recently proposed
to be antiferromagnetic topological insulators47,48. The
metallic-like behavior observed in electrical resistivity,
however, suggests that these materials have a semimetal-
lic ground state akin to EuB6
49.
A. Methods
Experimental details Single crystalline samples of
Eu5In2Sb6 were grown using a combined In-Sb self-flux
technique. The crystallographic structure was verified at
room temperature by both single-crystal diffraction using
Mo radiation in a commercial diffractometer (see Supple-
mentary Figure 6) and powder diffraction using Cu radi-
ation in a commercial diffractometer. Eu5In2Sb6 crystal-
lizes in an orthorhombic structure (space group 55) with
lattice parameters a = 12.553(5)A˚, b = 14.603(2)A˚ and
c = 4.635(1)A˚. As shown in Supplementary Figure 6, the
observed mosaicity of the Bragg reflections is limited by
5
the resolution of the diffractometer. The crystals have a
rod-like shape, the c axis is the long axis, and typical sizes
are 0.5 mm x 0.5mm x 3mm. In addition, the stoichiom-
etry of crystals was checked by energy dispersive X-ray
spectroscopy (EDX). Magnetization measurements were
performed in a commercial SQUID-based magnetometer.
Specific heat measurements were made using the thermal
relaxation technique in a commercial measurement sys-
tem. Because of the difficulties in the synthesis of phase
pure Ba5In2Sb6, no phonon background was subtracted
from the data. A four-probe configuration was used in
the electrical resistivity experiments performed using a
low-frequency AC bridge. High-field magnetization mea-
surements were performed in the 65 T pulse field magnet
at 4 K at the National High magnetic Field Laboratory
at Los Alamos National Laboratory. Details of the mag-
netometer design are described in Ref.50. The sample
was mounted in a plastic cup oriented with b-axis paral-
lel to the magnetic field. The data were normalizing by
the low-field data obtained from a commercial SQUID
magnetometer.
ESR measurements were performed on single crystals
in X-band (f = 9.5 GHz) and Q-band (f = 34 GHz)
spectrometers equipped with a goniometer and a He-flow
cryostat in the temperature range of 4 K < T < 300 K.
Theoretical details First-principle calculations were
performed using the Vienna ab initio simulation pack-
age (VASP), and the generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof(PBE) type ex-
change correlation potential was adopted. The Brillouin
zone (BZ) sampling was performed by using k grids with
an 7 × 7 × 9 mesh in self-consistent calculations. In the
paramagnetic state, we employed an europium pseudopo-
tential with seven f electrons treated as core electrons. In
the antiferromagnetic states, we performed the LSDA+U
calculations with U = 5 eV for the three distinct mag-
netic structures.
B. Data availability
Data presented in this study are available from authors
upon request.
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